Introduction
============

Macrophage activation syndrome (MAS) is a life-threatening complication of rheumatic diseases, requiring immediate and appropriate treatment. MAS is a disorder related to hemophagocytic lymphohistiocytosis (HLH), which is divided into primary and secondary HLH. Primary or familial HLH is an inherited disease, whereas secondary HLH is triggered by other diseases, including infections, malignancy, and autoimmune diseases. MAS is a secondary HLH, which is associated with autoimmune diseases.[@b1-oarrr-10-117],[@b2-oarrr-10-117] The most common autoimmune diseases associated with MAS are systemic juvenile idiopathic arthritis (SJIA), followed by systemic lupus erythematosus (SLE), Kawasaki disease (KD), and juvenile dermatomyositis (JDM).[@b3-oarrr-10-117] MAS is caused by an imbalance of the immune system, leading to uninterrupted hyperstimulation of the immune cells. The symptoms of MAS are quite similar to those of many active autoimmune diseases or severe sepsis; therefore, it is quite difficult to make a diagnosis. MAS is still underrecognized, and its treatment is usually delayed, which then leads to high morbidity and mortality. The classical signs and symptoms of patients with MAS are a persistent high-grade fever, hepatosplenomegaly, lymph-adenopathy, and hemorrhagic manifestations. Abnormal results of investigation include cytopenia, coagulopathy, and hyperferritinemia. These distinctive features usually occur in the later stages of MAS; this leads to a delay in the diagnosis of the condition, resulting in a worse outcome. Therefore, early recognition of MAS is important and is the key to improving the morbidity and the mortality associated with this condition.

The aim of this current literature review was to identify the initial clinical manifestations and the changes in the laboratory parameters in the early stages of MAS. It was also found that it is important to emphasize the various clues of a suspicion of MAS and to summarize the clinical presentations, the laboratory abnormalities, and the outcomes from the literature review.

Epidemiology
============

The actual incidence of MAS in rheumatic diseases is still unknown, due to its underrecognition. Most of the studies have diagnosed MAS according to the HLH-2004 criteria[@b4-oarrr-10-117] or the criteria proposed by Ravelli et al.[@b5-oarrr-10-117] The estimated prevalence of MAS in SJIA was \~10%, and it increased up to 40% in subclinical MAS, which showed the evidence of MAS occurrence only in the bone marrow.[@b6-oarrr-10-117] The prevalence of MAS in SLE varied from 0.9% to 4.6% and it increased up to 9.4% in those patients with a hepatic dysfunction.[@b7-oarrr-10-117] The occurrence of hemophagocytosis was not related to the severity of SLE.[@b8-oarrr-10-117] The prevalence of MAS in KD was less frequent than in SJIA and SLE, which was estimated to be \~1.1%.[@b9-oarrr-10-117] The mortality rate varied depending on the centers and the underlying diseases of the patients. Previous reports showed that the mortality rate in SJIA varied between 8% and 23%,[@b10-oarrr-10-117]--[@b13-oarrr-10-117] whereas the mortality rate in SLE was \~5%--35%.[@b14-oarrr-10-117]--[@b17-oarrr-10-117] The mortality rate was also higher in adults, which was around 50%.[@b18-oarrr-10-117]

Pathogenesis
============

The pathogenesis of MAS is still unknown because the clinical features of MAS are quite similar to familial HLH (FHLH) and there are possibly some related pathogeneses between these two conditions. The presence of abnormalities in the cytolytic pathway and decreased activities of natural killer (NK) cells have been shown in MAS-associated SJIA in many studies.[@b19-oarrr-10-117],[@b20-oarrr-10-117] These abnormalities occur by altering the protein variants of the various genes, including *PRF1, MUNC13-14, STX11, STXBP2, LYST*, and *RAB27A*, which are involved in the granule-mediated cytotoxic pathway.[@b21-oarrr-10-117]--[@b24-oarrr-10-117] Heterozygous mutations in some of these genes might be associated with the development of MAS, especially if triggered by infections.[@b25-oarrr-10-117] Moreover, hyperinflammation, especially in SJIA, results in high levels of interleukin (IL)-6. This has been shown to be a contributing factor for the transient decreased cytotoxic activities of NK cells, as well as its influence on granule exocytosis.[@b20-oarrr-10-117] The main mechanisms of MAS may be triggered by the high activities of the autoimmune diseases or the infectious agents, resulting in a prolonged immune activation, predominantly by the cytotoxic T cells and the macrophages. Any defect in terminating the immune responses leads to hypercytokinemia or to a cytokine storm. These cytokines include interferon gamma (IFNγ), tumor necrosis factor alpha (TNFα), IL-2, IL-1, IL-6, IL-18, as well as the macrophage colony stimulating factor (M-CSF).[@b26-oarrr-10-117]--[@b30-oarrr-10-117] A previous study also demonstrated marked elevation of both IFNγ and an IFNγ-induced chemokine, chemokine (C-X-C motif) ligand 9 (CXCL9), in SJIA patients with MAS and other secondary HLH patients, whereas their levels were normal in both active SJIA without MAS and inactive SJIA.[@b31-oarrr-10-117]

Some of the previous studies demonstrated cytokine changes during MAS occurrence and this has led to the suspicion of an MAS-associated SJIA. A decreased ratio of IL-18/IFNγ raised the suspicions of an MAS development in SJIA as well.[@b30-oarrr-10-117] In addition, Shimizu et al[@b32-oarrr-10-117] reported that SJIA patients with high elevation of their IL-18 levels, especially with \>47,750 pg/mL, were at a high risk of developing MAS and that monitoring of the serum IL-18 levels was beneficial in predicting MAS development.

Clinical and laboratory features: how to recognize MAS early
============================================================

Diagnostic criteria involving clinical and laboratory data are reported for defining MAS. However, in the reviewers' opinion, these criteria have some limitations in making an early diagnosis. The relative changes in the clinical and laboratory features from the baseline are more useful for providing an early diagnosis, due to the different baseline characteristics and the dynamic changes over time in the concomitant underlying diseases. Generally, almost all of the SJIA patients with MAS have a fever. The typical patterns of fever in MAS change from an intermittent fever to a nonremitting fever and these changes help to discriminate the patients between underlying disease flare-ups and MAS. Hepatosplenomegaly and lymphadenopathy are both present in those patients with an active SJIA and MAS, but these abnormalities deteriorate when MAS occurs. However, in a study by Kostik et al,[@b33-oarrr-10-117] these clinical features showed high sensitivity, with poor specificity.

Approximately 35% of the patients with MAS developed a central nervous system (CNS) dysfunction, including seizures, as well as alterations in their mental status, although not necessarily at the same time. They also showed a certain amount of irritability, with lethargy, comas, and headaches.[@b10-oarrr-10-117] These CNS involvements, as found in MAS, were more prominent than in active SJIA; however, they were not regarded as an early presentation for an onset of MAS.[@b34-oarrr-10-117] Hemorrhagic manifestations were often seen in a full-blown MAS, which ranged from an easy bruising to a mucosal bleeding, a gastrointestinal bleeding, and a disseminated intravascular coagulation. These findings were also presented in later stages of MAS, and they were found in 20% of the MAS patients.[@b10-oarrr-10-117] Severe cases of MAS requiring an admission to an intensive care unit had multiple-organ failures, and they often had heart, lung, and kidney involvements, leading to a fatal outcome. When MAS started to occur, all of the clinical features were not totally presented. Therefore, it was difficult to make a diagnosis. The clinical features were usually presented after MAS had started for a while. Thus, using only the clinical features was not a practical way to get an early diagnosis of MAS, although they were sometimes useful for predicting the outcome.

Most of the studies supported subtle laboratory alterations and monitoring of the laboratory changes, along with an early recognition of the clinical presentations for MAS onset; these were crucial for an early diagnosis of MAS.[@b5-oarrr-10-117],[@b33-oarrr-10-117],[@b35-oarrr-10-117],[@b36-oarrr-10-117] The laboratory parameters, including platelet count, as well as the aspartate and alanine aminotransferases, together with the ferritin, lactate dehydrogenase, triglyceride, and [d]{.smallcaps}-dimer levels, showed \>50% changes between a pre-MAS visit and MAS onset.[@b10-oarrr-10-117] These simple and broad laboratory tests are sensitive screening tools for an MAS diagnosis. Additionally, the relative decreases in platelet count appeared to be the most valuable indication for differentiating between MAS onset and a disease flare-up.[@b7-oarrr-10-117],[@b36-oarrr-10-117] The study by Kostik et al[@b33-oarrr-10-117] showed that a combination of \>3 of the following laboratory variables were reliable indicators for an early diagnosis: these were decreased platelet and white blood cell counts; decreased levels of albumin and fibrinogen; increased levels of ferritin, aspartate aminotransferase, and lactate dehydrogenase; and the presence of proteinuria. These indications provided the highest sensitivity and specificity necessary for an early diagnosis of MAS-associated SJIA.[@b33-oarrr-10-117] Anemia was also seen in those patients with a disease flare-up or MAS onset, but the percentages of change in the hemoglobin levels were smaller when comparing them with other parameters.[@b10-oarrr-10-117] A drop in the erythrocyte sedimentation rate (ESR), or a disproportion between the ESR and the C-reactive protein (CRP) levels, raised a suspicion of MAS. However, this finding occurred in the latter stages of MAS, concomitant with hypofibrinogenemia, causing a drop in the ESR.

A marked increase of the serum ferritin levels was also an important diagnostic biomarker for MAS, especially when it was \>5,000--10,000 ng/mL. Serum ferritin measurements were used to screen patients who were at a risk of developing MAS.[@b37-oarrr-10-117] However, the absolute values of the ferritin levels as a one-time measurement were not associated with disease severity or outcome. The ferritin levels varied between the patients in the survival and the nonsurvival groups. Serial measurements of ferritin levels in an individual patient were more informative for assessing a treatment response and in predicting a prognosis.[@b38-oarrr-10-117] Measurements of the soluble IL-2 receptor alpha chain and the soluble CD163 levels, which represent an activation of the T cells and the macrophages, respectively, reflected a subclinical form of MAS, and these were reported to be helpful in monitoring the disease activities; these are all promising biomarkers.[@b39-oarrr-10-117] However, these investigations are not available in routine clinical practice. In addition, there were no cutoff levels for identifying those patients at a risk of developing MAS. The evidence of hemophagocytosis upon examination of their bone marrow, together with their lymph nodes, their spleen, or any other organs, was also a characteristic feature of MAS. Approximately 60% of the SJIA patients demonstrated hemophagocytosis upon bone marrow aspiration and \~30% of these patients showed hemophagocytosis on biopsy of their lymph nodes and/or their liver.[@b10-oarrr-10-117] Therefore, when it was undetectable on bone marrow aspiration, or on biopsy of their lymph nodes or liver, it did not exclude a diagnosis of MAS, especially the early stage of MAS. The abnormalities of laboratory data in MAS were related to the pathophysiology. Anemia, thrombocytopenia, and leukopenia result from hemophagocytosis. Elevated liver enzymes could be explained by the infiltration of histiocytes and lymphocytes into the liver.[@b40-oarrr-10-117] A markedly elevated ferritin level may result from hypercytokinemia and active production of ferritin by macrophages.[@b41-oarrr-10-117] High triglycerides are caused by decreased lipoprotein lipase activity, which is initiated by TNFα. Hypofibrinogenemia is a consequence of increased plasminogen activator secretion by macrophages, resulting in the conversion of plasminogen to plasmin. Moreover, hypofibrinogenemia leads to a drop in ESR.[@b40-oarrr-10-117]

In the research of the literature, there were several studies that reported on the clinical manifestations and the laboratory data in all of the various MAS conditions. These were associated with the various autoimmune diseases. In the opinions of the reviewers, the following points are important clues for an early diagnosis of MAS. Nearly all patients with MAS have a fever, although they may have different underlying autoimmune conditions. MAS-associated SJIA tends to have more patients with hepatosplenomegaly and lymphadenopathy than does MAS-associated SLE. This is explained by the abnormal features that are common presentations in those patients with active SJIA, more so than in those with an active SLE. The MAS-associated KD patients always present hepatosplenomegaly, whereas this is an uncommon presentation in patients with active KD. In fact, cervical lymphadenopathy is one of the clinical criteria that is found in patients with typical presentations of KD. There are only limited data describing the different characteristics of lymph nodes in the KD condition, with or without an MAS condition. The CNS manifestations in SLE patients, including seizures, comas, alterations of consciousness, and headaches, are found in both active disease and MAS-associated SLE; therefore, it is difficult to differentiate between these two conditions. However, this is quite different in those patients with SJIA and KD, in that a CNS involvement is not being presented in the manifestations of the active disease in these two conditions. Therefore, MAS is suspected in those patients with an underlying SJIA and KD, who perhaps have a CNS involvement.

The baseline laboratory data for these autoimmune diseases is also different. The SJIA and KD patients usually express leukocytosis and thrombocytosis, in contrast to the SLE patients, who commonly present leukopenia and thrombocytopenia. In addition, a fever with related cytopenias, in all of the underlying diseases, raise the suspicion of MAS, and further investigations for this condition are recommended. Remarkably, serum ferritin levels are the highest in the MAS-associated SJIA condition, when compared with the MAS-associated SLE and the MAS-associated KD conditions.

From the literature review of the clinical features and the laboratory parameters, in the early stages of MAS in the various autoimmune diseases ([Table 1](#t1-oarrr-10-117){ref-type="table"}), most of the studies stated that decreased platelet and white blood cell counts, increased serum ferritin levels, as well as increased lactate dehydrogenase and liver enzyme levels. These parameters were all relatively changed in the early stages of MAS. Therefore, serial monitoring of laboratory parameters in these individuals was crucial for an early recognition of MAS in the various autoimmune diseases. These serial monitoring techniques were reported to be better than use of the absolute values in a one-time measurement. The more early the detection and initiation of the treatment for MAS, the better was the disease outcome.

Diagnosis: how to make an early diagnosis
=========================================

An early diagnosis and prompt initial treatment are both key factors for a favorable outcome. However, the features of MAS are similar to a disease flare-up and a systemic infection, making an early diagnosis challenging. Since MAS is a subset of HLH, many physicians still use the HLH-2004 criteria[@b4-oarrr-10-117] for MAS diagnosis. However, the HLH-2004 criteria are not suitable for patients with an underlying autoimmune disease, especially for those suffering from SJIA. Since the typical laboratory abnormalities in the SJIA patients are leukocytosis and thrombocytosis, using these criteria delays the arrival at an MAS diagnosis. In active SJIA patients, the fibrinogen levels are often elevated due to the inflammatory processes occurring as a nature of the disease. This being so, the cutoff levels of fibrinogen in the HLH-2004 criteria are not to be regarded as proper for the diagnosis of an MAS-associated SJIA condition. In addition, assessments of the NK cell activities and the CD25 levels in the HLH-2004 criteria are not routinely accessible in all centers.

The alternative approaches for MAS diagnosis in SJIA patients are the preliminary diagnostic guidelines for an MAS-complicating SJIA condition,[@b5-oarrr-10-117] as well as the recent 2016 classification criteria for MAS-complicating SJIA condition, as stated by Ravelli et al.[@b1-oarrr-10-117] These two sets of criteria provide more sensitivity and specificity in making a diagnosis of an MAS-associated SJIA condition. Furthermore, Kostik et al[@b33-oarrr-10-117] have proposed the diagnostic criteria for MAS in an active SJIA condition, which demonstrate high sensitivity and specificity for an early diagnosis of an MAS-associated SJIA condition. Moreover, Parodi et al[@b7-oarrr-10-117] propose preliminary diagnostic guidelines for MAS as a complication of juvenile SLE, which also demonstrated a high diagnostic yield.

In the real world, although there are many diagnostic guidelines with high sensitivity and specificity for diagnosing MAS, especially when there are different underlying conditions, the best ways for early recognition and diagnosis were based on the relative changes in the overall parameters from the baseline. Thorough and continuous physical examination in these patients was also stated as being important. These approaches helped the physicians when initiating an early treatment, resulting in improvements for the outcome of the disease.

Management
==========

The mainstay of MAS treatment is glucocorticoid therapy. Most of the physicians start with an intravenous methylprednisolone 30 mg/kg/dose (maximum 1 g) for 1--3 days. If the patients respond well to the high dose of methylprednisolone, this is decreased to 2--3 mg/kg/day in a divided dose. If the clinical status of the patients is stable, the physicians change the dosage to oral prednisolone, thus, preparing for a discharge, as well. For the nonresponders, an additional therapy with cyclosporin A 2--7 mg/kg/day is recommended; for the common side effects from this medication, including hypertension and renal toxicity, the physicians should be cautious.[@b44-oarrr-10-117]--[@b46-oarrr-10-117] For patients who are refractory to the high dosages of corticosteroids and cyclosporin A, an HLH-2004 protocol treatment should be considered.[@b4-oarrr-10-117] Other than dexamethasone and cyclosporin A, the HLH-2004 treatment protocol includes etoposide (or VP16) as a treatment regime. As a result, etoposide has been reported as a therapeutic option for MAS. However, etoposide is not recommended to be a first-line therapy for MAS, because of the severe side effects, including severe bone marrow suppression, as well as hepatic and renal toxicity.[@b47-oarrr-10-117] For patients with a refractory MAS, concomitant with hepatic and renal impairment, anti-thymocyte globulin (ATG) is considered to be useful.[@b48-oarrr-10-117] However, there were some data showing that ATG increased the risk of severe infection and mortality.[@b49-oarrr-10-117] Other treatments, including intravenous immunoglobulin, cyclophosphamide, and plasma exchange, have provided inconsistent outcomes. Recently, there have been increased reports of use of biological therapies for MAS. Since IL-1 and IL-6 have major roles in the pathogenesis of SJIA, the IL-1 receptor antagonist, anakinra, has been reported to benefit patients with an MAS-associated SJIA condition.[@b50-oarrr-10-117]--[@b53-oarrr-10-117] Nevertheless, there are a few reports that anakinra may be a trigger for MAS.[@b54-oarrr-10-117] Careful monitoring of the unexpected complications arising after receiving biologic treatment is recommended for these patients. Another human anti-IL-1β monoclonal antibody, canakinumab, has also been reported to be successful in the treatment of MAS-associated SJIA patients. However, clinical trials demonstrated the development of MAS in SJIA patients treated with canakinumab; nevertheless, the incidence was not statistically different when compared with that in placebo-treated patients. From this study, we can conclude that canakinumab does not change the risk of developing MAS. Furthermore, infections are still the most important trigger in MAS patients because MAS in this study occurred while patients were inactive but had infections.[@b55-oarrr-10-117] The humanized anti-IL-6 receptor monoclonal antibody, tocilizumab, has proven to be beneficial for SJIA, although there are only limited data for the treatment of an MAS-associated SJIA condition. In addition, it has been reported that tocilizumab masked the clinical features of MAS, because tocilizumab blocked the IL-6R and disrupted the IL-6 signaling pathway, which resulted in mild clinical symptoms, but with normal CRP levels.[@b56-oarrr-10-117] A systematic literature review in MAS-associated SJIA with anti-IL-6 or anti-IL-1 therapy demonstrated that \~25% of patients with tocilizumab treatment were afebrile, while all patients undergoing treatment with canakinumab had fever. In addition, MAS patients receiving tocilizumab or canakinumab treatment also had lower ferritin levels when compared to MAS patients without biologic therapy. Therefore, MAS-associated SJIA with biologic treatment might not be able to fulfill the criteria and may lead to a delay in the diagnosis. If clinical manifestations in SJIA patients with biologic treatment are compatible with MAS, physicians should be aware of this condition even though patients are afebrile and have low ferritin levels. The risk of MAS does not decrease in SJIA patients treated with either tocilizumab or canakinumab. This may be explained by the pathophysiology in MAS, which is related to the production of many cytokines. Inhibition of IL-1 or IL-6 might not be able to prevent MAS because other cytokines, for instance, IL-18, might play a major role in developing MAS.[@b57-oarrr-10-117] A summary of the MAS treatment is shown in [Table 2](#t2-oarrr-10-117){ref-type="table"}.

Conclusion
==========

An early diagnosis and prompt initial treatment are both key factors for a favorable outcome in MAS. Although the clinical presentations of both MAS and active autoimmune diseases were quite similar, there were some clues from the serial monitoring of laboratory parameters, which helped the physicians in making an early diagnosis of MAS. The relative changes in the laboratory parameters during the early stages of MAS included changes in platelet and white blood cell counts, as well as levels of ferritin, LDH, and liver enzymes. At present, diagnostic criteria have been proposed for HLH and MAS in the various autoimmune diseases. Selecting the proper diagnostic criteria to diagnose MAS is essential, because not all of the criteria are suitable for every autoimmune disease.
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Literature review of the clinical features and the laboratory parameters in the early stages of MAS in the various autoimmune diseases

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  References                              MAS population, N                           Clinical data at MAS onset (%)             Laboratory data at MAS onset                                                      Evidence of hemophagocytosis, %                         Relative changes in parameters in the early stage of MAS   Outcome, %
  --------------------------------------- ------------------------------------------- ------------------------------------------ --------------------------------------------------------------------------------- ------------------------------------------------------- ---------------------------------------------------------- -------------------------
  Minoia et al[@b10-oarrr-10-117]         SJIA (362)                                  • Fever (96.1)\                            • Hemoglobin (g/L) 98 (83--111)\                                                  • From 247 BMA (60.7)\                                  • Platelet count\                                          • Dead (8.1)
                                                                                      • Hepatomegaly (70.0)\                     • WBC (×10^9^/L) 9.9 (4.6--16.3)\                                                 • From 327 LN biopsy (4.6)\                             • LFT\                                                     
                                                                                      • Splenomegaly (57.9)\                     • Platelets (×10^9^/L) 144 (86--270)\                                             • From 327 liver biopsy (4.3)                           • Ferritin\                                                
                                                                                      • Lymphadenopathy (51.4)\                  • AST (U/L) 116 (48--281)\                                                                                                                • LDH\                                                     
                                                                                      • Active arthritis (65.0)\                 • ALT (U/L) 76 (32--219)\                                                                                                                 • Triglycerides\                                           
                                                                                      • CNS involvement (35.0)\                  • Triglycerides (mg/dL) 244 (165--356)\                                                                                                   • [d]{.smallcaps}-dimer                                    
                                                                                      • Hemorrhagic manifestations (20.4)\       • Fibrinogen (g/L) 2.2 (1.4--3.7)\                                                                                                                                                                   
                                                                                      • Heart involvement (25.5)\                • ESR (mm/h) 48 (19--84)\                                                                                                                                                                            
                                                                                      • Lung involvement (21.9)\                 • Ferritin (ng/mL) 8,302 (1,786--21,975)\                                                                                                                                                            
                                                                                      • Kidney involvement (15.3)                • LDH (U/L) 406 (228--809)\                                                                                                                                                                          
                                                                                                                                 • Albumin (g/dL) 3.6 (3--4)\                                                                                                                                                                         
                                                                                                                                 • [d]{.smallcaps}-dimer (ng/mL) 3,203 (1,428--7,804)\                                                                                                                                                
                                                                                                                                 • CRP (mg/dL) 9.2 (3.6--17.7)                                                                                                                                                                        

  Ravelli et al[@b11-oarrr-10-117]        SJIA (70)                                   • Fever (98.5)\                            • Hemoglobin (g/L) 99\                                                            • From 54 BMA and/or biopsy of LN and/or liver (57.4)   • Platelet count\                                          • ICU admission (44.8)\
                                                                                      • Hepatomegaly (74.6)\                     • WBC (×10^9^/L) 7.4\                                                                                                                     • Ferritin\                                                • Dead (10.1)
                                                                                      • Splenomegaly (56.9)\                     • Platelets (×10^9^/L) 111\                                                                                                               • AST                                                      
                                                                                      • Lymphadenopathy (55.4)\                  • AST (U/L) 176\                                                                                                                                                                                     
                                                                                      • Active arthritis (60.9)\                 • Triglycerides (mg/dL) 257\                                                                                                                                                                         
                                                                                      • CNS involvement (47.7)\                  • Fibrinogen (g/L) 2\                                                                                                                                                                                
                                                                                      • Hemorrhagic manifestations (38.8)\       • ESR (mm/h) 26\                                                                                                                                                                                     
                                                                                      • Heart, lung or kidney failure (18.8)     • Ferritin (ng/mL) 10,516\                                                                                                                                                                           
                                                                                                                                 • LDH (U/L) 1,735\                                                                                                                                                                                   
                                                                                                                                 • [d]{.smallcaps}-dimer (ng/mL) 4,620                                                                                                                                                                

  Kostik et al[@b33-oarrr-10-117]         SJIA (18)                                   • Fever (100.0)\                           • Hemoglobin (g/L) 88 (8--10)\                                                    NA                                                      \>3 laboratory parameters:\                                NA
                                                                                      • Hepatomegaly (88.9)\                     • WBC (×10^9^/L) 6.1 (3.5--9.2)\                                                                                                          decreased platelet\                                        
                                                                                      • Splenomegaly (18.0)\                     • Platelets (×10^9^/L) 108.5 (87--200)\                                                                                                   count and WBC count;\                                      
                                                                                      • Lymphadenopathy (72.2)\                  • AST (U/L) 244 (69--489)\                                                                                                                decreased levels of\                                       
                                                                                      • Oligoarthritis (70.6)\                   • ALT (U/L) 113 (46--383)\                                                                                                                albumin and fibrinogen;\                                   
                                                                                      • Rash (94.1)\                             • Triglycerides (mmol/L) 2 (1.5--3.5)\                                                                                                    increased levels of\                                       
                                                                                      • CNS involvement (27.8)\                  • Fibrinogen (g/L) 1.4 (0.8--3)\                                                                                                          ferritin, AST, and LDH;\                                   
                                                                                      • Hemorrhagic manifestations (27.8)\       • ESR (mm/h) 10 (4--38)\                                                                                                                  proteinuria                                                
                                                                                      • Respiratory failure (55.6)\              • Ferritin (ng/mL) 1,798.5 (1,200--10,600)\                                                                                                                                                          
                                                                                      • Cardiac involvement (33.3)\              • LDH (U/L) 1,125 (905--1,545)\                                                                                                                                                                      
                                                                                      • Renal involvement (33.3)                 • Albumin (g/dL) 2.4 (2.3--2.7)\                                                                                                                                                                     
                                                                                                                                 • CRP (mg/dL) 12.5 (0.7--15.9)                                                                                                                                                                       

  Zeng et al[@b12-oarrr-10-117]           SJIA (13)                                   • Fever \>39°C (100.0)\                    • Hemoglobin (g/L) 90.4[\*](#tfn2-oarrr-10-117){ref-type="table-fn"}\             • From 13 BMA (100.0)                                   • A drop in hemoglobin, WBC, and platelet counts           • Survive (76.9)\
                                                                                      • Hepatomegaly (92.3)\                     • WBC (×10^9^/L) 4.5[\*](#tfn2-oarrr-10-117){ref-type="table-fn"}\                                                                                                                                   • Dead (23.1)
                                                                                      • Splenomegaly (76.9)\                     • Platelets (×10^9^/L) 51[\*](#tfn2-oarrr-10-117){ref-type="table-fn"}\                                                                                                                              
                                                                                      • Lymphadenopathy (61.5)\                  • ALT (μg/L) 153.6[\*](#tfn2-oarrr-10-117){ref-type="table-fn"}\                                                                                                                                     
                                                                                      • MODS (76.9)\                             • Triglycerides (mmol/L) 4.2[\*](#tfn2-oarrr-10-117){ref-type="table-fn"}\                                                                                                                           
                                                                                      • MOF (23.1)\                              • Fibrinogen (g/L) 1.47[\*](#tfn2-oarrr-10-117){ref-type="table-fn"}\                                                                                                                                
                                                                                      • ARDS (15.4)                              • ESR (mm/h) 32[\*](#tfn2-oarrr-10-117){ref-type="table-fn"}\                                                                                                                                        
                                                                                                                                 • Ferritin (ng/mL) \>1,500[\*](#tfn2-oarrr-10-117){ref-type="table-fn"}\                                                                                                                             
                                                                                                                                 • LDH (μg/L) 521[\*](#tfn2-oarrr-10-117){ref-type="table-fn"}                                                                                                                                        

  Assari et al[@b36-oarrr-10-117]         SJIA (10)\                                  NA                                         • Hemoglobin (g/L) 79.6±1.66[\*](#tfn2-oarrr-10-117){ref-type="table-fn"}\        NA                                                      • Platelet count (high sensitivity and specificity)\       NA
                                          PolyJIA (4)\                                                                           • WBC (×10^9^/L) 8.8±1[\*](#tfn2-oarrr-10-117){ref-type="table-fn"}\                                                                      • WBC\                                                     
                                          Kawasaki (2)\                                                                          • Platelets (×10^9^/L) 105.9±91.8[\*](#tfn2-oarrr-10-117){ref-type="table-fn"}\                                                           • PMN\                                                     
                                          SLE (1)                                                                                • ALT (U/L) 315±840[\*](#tfn2-oarrr-10-117){ref-type="table-fn"}\                                                                         • ESR\                                                     
                                                                                                                                 • Triglycerides (mg/dL) 329±188[\*](#tfn2-oarrr-10-117){ref-type="table-fn"}\                                                             • LFT                                                      
                                                                                                                                 • Fibrinogen (g/L) 5.17±6.4[\*](#tfn2-oarrr-10-117){ref-type="table-fn"}\                                                                                                                            
                                                                                                                                 • ESR (mm/h) 46.8±49.47[\*](#tfn2-oarrr-10-117){ref-type="table-fn"}\                                                                                                                                
                                                                                                                                 • Ferritin (ng/mL) 60,590±73,343[\*](#tfn2-oarrr-10-117){ref-type="table-fn"}\                                                                                                                       
                                                                                                                                 • LDH (IU/L) 1,913±1,516[\*](#tfn2-oarrr-10-117){ref-type="table-fn"}\                                                                                                                               
                                                                                                                                 • Albumin (g/dL) 3.0±0.7[\*](#tfn2-oarrr-10-117){ref-type="table-fn"}\                                                                                                                               
                                                                                                                                 • CRP (mg/dL) 13.9±10.1[\*](#tfn2-oarrr-10-117){ref-type="table-fn"}                                                                                                                                 

  Sawhney et al[@b13-oarrr-10-117]        SJIA (7)\                                   • Fever (100.0)\                           • Hemoglobin (g/L) 92[\*](#tfn2-oarrr-10-117){ref-type="table-fn"}\               • From 7 BMA (57.1)                                     • Cytopenias                                               • Survive (77.8)\
                                          ERA (1)\                                    • Hepatosplenomegaly (88.9)\               • WBC (×10^9^/L) 10.1[\*](#tfn2-oarrr-10-117){ref-type="table-fn"}\                                                                                                                                  • Dead (22.2)
                                          CINCA (1)                                   • Lymphadenopathy (66.7)\                  • Platelets (×10^9^/L) 99[\*](#tfn2-oarrr-10-117){ref-type="table-fn"}\                                                                                                                              
                                                                                      • Jaundice (22.2)                          • ESR (mm/h) 28[\*](#tfn2-oarrr-10-117){ref-type="table-fn"}\                                                                                                                                        
                                                                                                                                 • Abnormal LFT (66.7%)\                                                                                                                                                                              
                                                                                                                                 • Coagulopathy (55.6%)\                                                                                                                                                                              
                                                                                                                                 • Reduced fibrinogen (11.1%)\                                                                                                                                                                        
                                                                                                                                 • Abnormal renal function (11.1%)                                                                                                                                                                    

  Li et al[@b18-oarrr-10-117]             AOSD (5)\                                   • Fever (100.0)\                           • Leukopenia (75.0%)\                                                             • From 8 BMA (100.0)                                    • High fever with cytopenias\                              • Survive (37.5)\
                                          SLE (2)\                                    • Hepatosplenomegaly (37.5)\               • Anemia (62.5%)\                                                                                                                         • Elevated liver enzymes                                   • Dead (50)\
                                          SS (1)                                      • Lymphadenopathy (75.0)\                  • Decreased platelets (75.0%)\                                                                                                                                                                       • NA (12.5)
                                                                                      • Respiratory (75.0)\                      • Elevated liver enzyme (75.0%)\                                                                                                                                                                     
                                                                                      • Jaundice (75.0)                          • Elevated triglycerides (75.0%)\                                                                                                                                                                    
                                                                                                                                 • Hypofibrinogenemia (50.0%)\                                                                                                                                                                        
                                                                                                                                 • Ferritin (ng/mL) \>1,000 (37.5%)                                                                                                                                                                   

  Gavand et al[@b14-oarrr-10-117]         SLE (89), 103 episodes                      • Fever \>38°C (100.0)\                    • Neutropenia (/mm^3^) 1,091\                                                     • From 81 BMA (60.7)                                    • High fever\                                              • ICU admission (32.0)\
                                                                                      • Hepatomegaly or adenomegaly (36.9)\      • Lymphopenia (/mm^3^) 405\                                                                                                               • Severe neutropenia\                                      • Dead (4.9)
                                                                                      • Splenomegaly (27.2)                      • Anemia (g/L) 85\                                                                                                                        • Increased AST\                                           
                                                                                                                                 • Decreased platelets (×10^9^/L) 93\                                                                                                      • Increased CRP\                                           
                                                                                                                                 • Elevated AST (94.7%)\                                                                                                                   • Increased ferritin\                                      
                                                                                                                                 • Elevated LDH (92.3%)\                                                                                                                   • Increased PCT                                            
                                                                                                                                 • Hypofibrinogenemia (g/dL) 3.4\                                                                                                                                                                     
                                                                                                                                 • Triglycerides (mg/dL) 3.4\                                                                                                                                                                         
                                                                                                                                 • Ferritin (ng/mL) \>500 (96%) 4,717\                                                                                                                                                                
                                                                                                                                 • CRP \>5 mg/dL (84.5%) 59\                                                                                                                                                                          
                                                                                                                                 • PCT level (\>0.25 μg/L) (83.7%)\                                                                                                                                                                   
                                                                                                                                 • Low C3 (56.2%)\                                                                                                                                                                                    
                                                                                                                                 • Positive anti-DNA Ab (62.7%)                                                                                                                                                                       

  Ahn et al[@b15-oarrr-10-117]            SLE (42)                                    • Fever (100.0)                            • Hemoglobin (g/L) 100 (21)\                                                      NA                                                      • Ferritin\                                                • Survive (64.8)\
                                                                                                                                 • WBC (×10^9^/L) 2.7 (4.7)\                                                                                                               • AST\                                                     • Dead (35.1)
                                                                                                                                 • Platelets (×10^9^/L) 106 (65)\                                                                                                          • Platelets\                                               
                                                                                                                                 • AST (IU/L) 100.5 (163)\                                                                                                                 • Triglycerides\                                           
                                                                                                                                 • ALT (U/L) 45 (51)\                                                                                                                      • Fibrinogen                                               
                                                                                                                                 • Triglycerides (mg/dL) 215 (121)\                                                                                                                                                                   
                                                                                                                                 • Fibrinogen (g/L) 2.4 (1.5)\                                                                                                                                                                        
                                                                                                                                 • ESR (mm/h) 42.5 (45)\                                                                                                                                                                              
                                                                                                                                 • Ferritin (ng/mL) 1,833.5 (2,267.1)\                                                                                                                                                                
                                                                                                                                 • CRP (mg/dL) 1 (2.8)\                                                                                                                                                                               
                                                                                                                                 • Albumin (g/dL) 2.7 (0.9)\                                                                                                                                                                          
                                                                                                                                 • C3 (mg/dL) 37 (37.8)\                                                                                                                                                                              
                                                                                                                                 • Anti-dsDNA (IU/mL) 160 (414.6)                                                                                                                                                                     

  Borgia et al[@b16-oarrr-10-117]         SLE (38)                                    • Fever (100.0)\                           • Hemoglobin (g/L) 94 (84--107)\                                                  • From 25 BMA/biopsy (32.0)                             • Persistent fever\                                        • Dead (5.3)
                                                                                      • Hepatomegaly (18.0)\                     • WBC (×10^9^/L) 2.2 (1.6--2.9)\                                                                                                          • Leukopenia\                                              
                                                                                      • Splenomegaly (11.0)\                     • Platelets (×10^9^/L) 140 (107--166)\                                                                                                    • Elevated ferritin levels\                                
                                                                                      • Lymphadenopathy (24.0)\                  • AST (U/L) 123 (73--247)\                                                                                                                • Elevated liver enzymes                                   
                                                                                      • CNS dysfunction (18.0)\                  • ALT (U/L) 83 (50--137)\                                                                                                                                                                            
                                                                                      • Hemorrhage (13.0)                        • Triglycerides (mmol/L) 2.4 (1.9--3.4)\                                                                                                                                                             
                                                                                                                                 • Fibrinogen (g/L) 2.8 (2.1--3.4)\                                                                                                                                                                   
                                                                                                                                 • ESR (mm/h) 64 (32--103)\                                                                                                                                                                           
                                                                                                                                 • Ferritin (ng/mL) 2,453 (10,725, 516)\                                                                                                                                                              
                                                                                                                                 • LDH (U/L) 2,186 (1,189--3,092)\                                                                                                                                                                    
                                                                                                                                 • CRP (mg/dL) 1.8 (0.2--4.9)\                                                                                                                                                                        
                                                                                                                                 • [d]{.smallcaps}-dimer (ng/mL) 240 (4.7--1,346)                                                                                                                                                     

  Liu et al[@b17-oarrr-10-117]            SLE (32)                                    • Fever (96.9)\                            • Hemoglobin (g/L) 72.8 (64, 82)\                                                 • From 32 BMA (100.0)                                   • Blood cells                                              • Dead (12.5)
                                                                                      • Hepatomegaly (18.8)\                     • WBC (×10^9^/L) 1.1 (0.6--2.9)\                                                                                                                                                                     
                                                                                      • Splenomegaly (56.3)\                     • Platelets (×10^9^/L) 44 (19.8--67.8)\                                                                                                                                                              
                                                                                      • Lymphadenopathy (31.3)                   • AST (U/L) 162.5 (41.2--481.3)\                                                                                                                                                                     
                                                                                                                                 • ALT (U/L) 103 (44.5--216.8)\                                                                                                                                                                       
                                                                                                                                 • Triglycerides (mmol/L) 3.9 (2.1--5.4)\                                                                                                                                                             
                                                                                                                                 • Fibrinogen (g/L) 1.7 (1.2--2.4)\                                                                                                                                                                   
                                                                                                                                 • ESR (mm/h) 58 (25--86)\                                                                                                                                                                            
                                                                                                                                 • Ferritin (ng/mL) 1,500 (1,364--2,717.8)\                                                                                                                                                           
                                                                                                                                 • LDH (U/L) 736 (395--1,781)\                                                                                                                                                                        
                                                                                                                                 • CRP (mg/dL) 11.2 (3--61.2)\                                                                                                                                                                        
                                                                                                                                 • Albumin (g/dL) 2.9 (2.4--3.2)\                                                                                                                                                                     
                                                                                                                                 • Low or absent NK cell activity (from 8 patients) (100%)\                                                                                                                                           
                                                                                                                                 • Soluble CD25 ≥2,400 U/mL (from 5 patients) (80%)                                                                                                                                                   

  García-Pavón et al[@b42-oarrr-10-117]   Kawasaki (69)                               • Fever (100.0)\                           • Hemoglobin (g/L) 87 (70--106)\                                                  • From 58 BMA and/or biopsy of LN and/or liver (88.0)   • Thrombocytopenia\                                        • Dead (13.0)
                                                                                      • Splenomegaly (69.0)                      • WBC (×10^9^/L) 4.4 (2.1--12.2)\                                                                                                         • Elevated AST\                                            
                                                                                                                                 • Platelets (×10^9^/L) 85 (60--115.5)\                                                                                                    • Elevated ferritin                                        
                                                                                                                                 • AST (U/L) 225.5 (83--420)\                                                                                                                                                                         
                                                                                                                                 • ALT (U/L) 318 (83--420)\                                                                                                                                                                           
                                                                                                                                 • Triglycerides (mg/dL) 236.3 (146.2--314)\                                                                                                                                                          
                                                                                                                                 • Fibrinogen (g/L) 1.9 (1.1--2.7)\                                                                                                                                                                   
                                                                                                                                 • ESR (mm/h) 64 (35--88)\                                                                                                                                                                            
                                                                                                                                 • Ferritin (ng/mL) 3,490 (975--13,979)\                                                                                                                                                              
                                                                                                                                 • LDH (U/L) 1,196 (652--3,187)\                                                                                                                                                                      
                                                                                                                                 • CRP (mg/dL) 7.3 (1.3--12.4)\                                                                                                                                                                       
                                                                                                                                 • Albumin (g/dL) 2.4 (1.8--2.7)\                                                                                                                                                                     
                                                                                                                                 • [d]{.smallcaps}-dimer (ng/mL) 2,925 (1,557--5,420)                                                                                                                                                 

  Latino et al[@b43-oarrr-10-117]         Kawasaki (12) (incomplete presentation 3)   • Persistent fever despite IVIG (100.0)\   • Cytopenia (≥2 cell lines) (91.7%)\                                              • From 7 BMA or LN biopsy (57.1)                        • Fever recalcitrant to IVIG\                              • ICU admission (16.7)\
                                                                                      • Splenomegaly (91.7)                      • Elevated liver transaminases (100.0%)\                                                                                                  • Ongoing clinical inflammation\                           • Survive (100.0%)
                                                                                                                                 • Triglycerides (≥3 mmol/L) (58.3%)\                                                                                                      • Unresolving cytopenias                                   
                                                                                                                                 • Fibrinogen (\<1.5 g/L) (41.7%)\                                                                                                                                                                    
                                                                                                                                 • Ferritin (\>500 mg/L) (100.0%)\                                                                                                                                                                    
                                                                                                                                 • [d]{.smallcaps}-dimer (\>499 ng/mL) (91.7%)                                                                                                                                                        

  Wang et al[@b9-oarrr-10-117]            Kawasaki (8) (incomplete presentation 1)    • Fever (100.0)\                           • Hemoglobin (g/L) 106 (96.3--118.3)\                                             • From 7 BMA (42.9)                                     • Resistant to IVIG\                                       • Dead (12.5)
                                                                                      • Rash (75.0)\                             • WBC (×10^9^/L) 14.2 (6.1--21.3)\                                                                                                        • Ferritin\                                                
                                                                                      • Cervical lymphadenopathy (50.0)\         • Platelets (×10^9^/L) 40.5 (12.8--90)\                                                                                                   • Hepatomegaly\                                            
                                                                                      • Oral mucosal changes (100.0)\            • AST (U/L) 396.5 (205.6--877)\                                                                                                           • Cytopenias\                                              
                                                                                      • Bilateral conjunctival injection\        • ALT (U/L) 326 (133.3--447.5)\                                                                                                           • Elevated LDH\                                            
                                                                                      (87.5)\                                    • Triglycerides (mmol/L) 1.8 (1.1--2.7)\                                                                                                  • Liver dysfunction\                                       
                                                                                      • Hepatomegaly (87.5)\                     • Fibrinogen (g/L) 2 (1.6--2.6)\                                                                                                          • Hypertriglyceridemia\                                    
                                                                                      • Splenomegaly (12.5)\                     • ESR (mm/h) 51.5 (41.8--63.6)\                                                                                                           • Hypofibrinogenemia                                       
                                                                                      • Hemorrhages (62.5)\                      • Ferritin \>1,500 (ng/mL) (37.5%) and \>1,000--1,500 (37.5%)\                                                                                                                                       
                                                                                      • CNS dysfunction (12.5)                   • LDH (U/L) 768 (514--1,593)                                                                                                                                                                         
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Note:** Laboratory data presented as median (interquartile range) and

mean±SD.

**Abbreviations:** Ab, antibody; ALT, alanine aminotransferase; AST, aspartate aminotransferase; APS, anti-phospholipid syndrome; ARDS, acute respiratory distress syndrome; AOSD, adult-onset Still's disease; BMA, bone marrow aspiration; C3, complement 3; CNS, central nervous system; CINCA, chronic infantile neurological cutaneous articular syndrome; CRP, C-reactive protein; ERA, enthesitis-related arthritis; ESR, erythrocyte sedimentation rate; IVIG, intravenous immunoglobulin; ICU, intensive care unit; LDH, lactate dehydrogenase; LFT, liver function test; LN, lymph node; MAS, macrophage activation syndrome; MCTD, mixed connective tissue disease; MODS, multiple-organ dysfunction syndrome; MOF, multiple-organ failure; NA, not available; PCT, procalcitonin; PMN, polymorphonuclear neutrophils; PolyJIA, polyarticular juvenile idiopathic arthritis; SJIA, systemic juvenile idiopathic arthritis; SLE, systemic lupus erythematosus; SS, Sjögren's syndrome; WBC, white blood cell count.

###### 

Summary of treatment for macrophage activation syndrome

  ------------------------------------------------------------------------------------
  Treatment        Medication
  ---------------- -------------------------------------------------------------------
  \- First line    Corticosteroids: methylprednisolone, prednisolone, dexamethasone\
                   Cyclosporin A

  \- Alternative   Intravenous immunoglobulin\
                   Etoposide\
                   Cyclophosphamide\
                   Plasma exchange\
                   Anti-thymocyte globulin\
                   Biologic agents: IL-1 inhibitor
  ------------------------------------------------------------------------------------
